5 The abbreviations used are: LPS, lipopolysaccharide; TNF, tumor necrosis factor; LBP, LPS-binding protein; TLR4, Toll-like receptor 4; TRIF, Toll/IL-1R domain-containing adaptor-inducing IFN-␤; IFN, interferon; IL, interleukin; PMA, phorbol 12-myristate 13-acetate; med, medium control; SEAP, secreted embryonic alkaline phosphatase; sCD14, soluble CD14; FBS, fetal bovine serum; DIC, differential interference contrast.
Upon repeated exposure to endotoxin or lipopolysaccharide (LPS), myeloid cells enter a refractory state called endotoxin tolerance as a homeostatic mechanism. In innate immune cells, LPS is recognized by co-receptors Toll-like receptor 4 (TLR4) and CD-14 to initiate an inflammatory response for subsequent cytokine production. One such cytokine, interleukin (IL)-27, is produced by myeloid cells in response to bacterial infection. In monocytes, IL-27 has proinflammatory functions such as upregulating TLR4 expression for enhanced LPS-mediated cytokine production; alternatively, IL-27 induces inhibitory functions in activated macrophages. This study investigated the effects of IL-27 on the induction of endotoxin tolerance in models of human monocytes compared with macrophages. Our data demonstrate that IL-27 inhibits endotoxin tolerance by up-regulating cell surface TLR4 expression and soluble CD14 production to mediate stability of the surface LPS-TLR4-CD14 complex in THP-1 cells. In contrast, elevated basal expression of membranebound CD14 in phorbol 12-myristate 13-acetate (PMA)-THP-1 cells, primary monocytes, and primary macrophages may promote CD14-mediated endocytosis and be responsible for the preservation of an endotoxin-tolerized state in the presence of IL-27. Overall, the efficacy of IL-27 in inhibiting endotoxin tolerance in human THP-1 monocytes and PMA-THP-1 macrophages is affected by membrane-bound and soluble CD14 expression.
Endotoxin or lipopolysaccharide (LPS) 5 tolerance is defined as a refractory, anti-inflammatory state in response to a secondary lethal dose of LPS following a primary low-dose LPS exposure (1) . The endotoxin-tolerant state is characterized by LPS hyporesponsiveness whereby proinflammatory cytokine production, such as tumor necrosis factor (TNF)-␣, is decreased compared with cytokine levels after a single dose of LPS, as observed in vitro (2, 3) , ex vivo (4, 5) , and in vivo (5) (6) (7) . Endotoxin tolerance is a control mechanism that myeloid cells implement to prevent tissue damage from overactive inflammatory responses, which can cause sepsis syndrome. However, it is important to note that the inability to fight secondary infection in an endotoxin-tolerized state can be detrimental to immunocompromised individuals.
Upon Gram-negative bacterial infection, LPS-binding protein (LBP) and cluster of differentiation (CD)-14 are required for LPS binding to Toll-like receptor 4 (TLR4) and scaffold protein myeloid differentiation protein (MD)-2 to initiate signal transduction (8 -10) . LPS signaling via TLR4-MD2-CD14 induces both the myeloid differentiation response gene 88(MyD88)-dependent and Toll/IL-1R domain-containing adaptor-inducing IFN-␤ (TRIF)-dependent pathways for downstream cytokine production (11) (12) (13) . Immediately following MyD88 signaling, CD14-mediated endocytosis internalizes TLR4 to traffic to the endosome for subsequent TRIF-dependent signaling (14 -17) .
In myeloid cells, LPS ligation with TLR4 induces cytokine production, including interleukin (IL)-27 subunits IL-27p28 and Epstein-Barr virus-induced gene 3 (EBI3) (18, 19) . IL-27 is part of the IL-12 family of heterodimeric cytokines including IL-12, IL-23, IL-30 (IL-27p28), and IL-35 (20 -22) . IL-27 receptor subunits WSX-1 and gp130 (glycoprotein-130) are expressed on monocytes and macrophages among other cells to signal using the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway (23) (24) (25) (26) .
Our laboratory has shown previously that IL-27 enhances TLR4 expression for the amplification of LPS-mediated signaling (27) (28) (29) . Specifically, IL-27-treated monocytes up-regulate TLR4 expression (27) (28) (29) and TLR4-CD14 colocalization (27) for greater LPS responsiveness. IL-27-mediated increases in TLR4 expression have also been attributed to greater LPS-induced inflammasome activation in monocytes (28) . There are discrepancies between the role of IL-27 in myeloid cells with proinflammatory functions in monocytes (27) (28) (29) (30) and anti-inflammatory effects in macrophages (31) (32) (33) . In this study, we examined whether IL-27 modulated endotoxin tolerance in both human monocytes and macrophages. We investigated the effects of IL-27 on TLR4/CD14 receptor expression, LPS binding, and signal transduction in THP-1 monocytes compared with PMA-THP-1 macrophages as well as downstream LPSmediated cytokine production.
Upon IL-27 treatment, endotoxin-tolerized THP-1 cells show complete restoration of TNF-␣ production following LPS challenge, whereas PMA-THP-1 cells, primary monocytes, and primary macrophages show only moderate tolerance inhibition. The heightened effects of IL-27 on the induction of endotoxin tolerance in THP-1 cells compared with PMA-THP-1 cells may depend on CD14-mediated mechanisms for subsequent TLR4 signal transduction in the endosome. Understanding the mechanisms used by IL-27 to alter LPS responsiveness may reveal novel targets for prevention, diagnosis, or treatment of inflammatory illnesses affiliated with endotoxin tolerance, such as septic shock.
Results

IL-27 enhances TLR4 expression in monocytes and macrophages
We demonstrated previously that IL-27 enhances TLR4 expression in THP-1 cells and primary monocytes (27) (28) (29) . To test whether IL-27 also modulates TLR4 expression in human macrophages, we used THP-1 monocytes, PMA-treated THP-1 macrophages (PMA-THP-1), primary monocytes, and primary macrophages as model systems. To establish monocyte and macrophage phenotypes in these cells, CD14 and CD16 expression were measured by flow cytometry (Fig. 1A ). In agreement with of others (34, 35) , we found that THP-1 cells had moderate CD14 and CD16 expression, whereas PMA treatment increased CD14 and decreased CD16 expression in PMA-THP-1 cells relative to THP-1 cells. Primary human monocytes exhibited three distinct populations: classical phagocytic monocytes (high CD14 and low CD16), intermediate proinflammatory monocytes (high CD14 and moderate CD16), and nonclassical patrolling monocytes (low CD14 and high CD16), as expected (36 -38) . Furthermore, primary macrophages showed moderate CD14 and higher CD16 compared with classical primary monocytes ( Fig. 1A ).
Figure 1. IL-27 enhances TLR4 but not CD14 expression in classical monocytes and macrophages.
A, resting THP-1 cells, PMA-THP-1 cells, primary human monocytes, and primary human macrophages were stained with anti-CD16 and anti-CD14 antibodies and acquired by flow cytometry. Autofluorescence (gray) and stained cells (black) were overlaid in contour plots. B, THP-1 cells, PMA-THP-1 cells, primary human monocytes, and primary human macrophages were stimulated with LPS (10 ng/ml), IL-27 (100 ng/ml), or LPS ϩ IL-27 simultaneously for 24 h. Cells were stained with anti-TLR4 and anti-CD14 antibodies and acquired by flow cytometry. The -fold change of median fluorescence intensity was calculated relative to medium (med) controls. Graphs present the median Ϯ S.D. of at least three independent experiments or at least three different blood donors.
To assess the effects of IL-27 on LPS co-receptors, we examined TLR4 and CD14 expression in response to LPS and IL-27 co-stimulation in all cell types ( Fig. 1B) . THP-1 cells, PMA-THP-1 cells, primary monocytes, and primary macrophages were stimulated with LPS (10 ng/ml), IL-27 (100 ng/ml), or both LPS ϩ IL-27 for 24 h to measure surface TLR4 and CD14 expression. Compared with untreated cells (referred to as "med"), IL-27-and LPS ϩ IL-27-treated THP-1 cells had significantly enhanced TLR4 expression, whereas LPS alone induced only a slight up-regulation of TLR4 expression. PMA-THP-1 cells, primary monocytes, and primary macrophages also displayed significantly increased TLR4 expression in response to IL-27 alone. PMA-THP-1 cells had a significant reduction in TLR4 expression in response to LPS or LPS ϩ IL-27 compared with untreated or IL-27-treated cells, respectively, and significantly higher levels in response to LPS ϩ IL-27 than LPS alone. There was a significant increase in CD14 expression in THP-1 cells in response to LPS, IL-27, and LPS ϩ IL-27 stimulation relative to untreated cells. In PMA-THP-1 cells and primary macrophages, LPS and LPS ϩ IL-27 stimulation down-regulated membrane CD14 expression relative to either unstimulated or IL-27-treated cells. Conversely, CD14 expression displayed no significant changes between the conditions in primary monocytes. Interestingly, THP-1 cells expressed the highest levels of TLR4 (data not shown) and the lowest CD14 expression ( Fig. 1A ) across all cell types, indicating that THP-1 cells may have an altered LPS responsiveness compared with the other cell types examined.
IL-27 inhibits induction of endotoxin tolerance in monocytes and macrophages
Because IL-27 modulates LPS responsiveness (27) (28) (29) (30) and LPS receptor expression, we explored the effects of IL-27 on repeated LPS stimulation and induction of endotoxin tolerance in monocytes and macrophages. THP-1 cells, PMA-THP-1 cells, primary monocytes, and primary macrophages were stimulated with LPS (10 ng/ml), IL-27 (100 ng/ml), or both LPS ϩ IL-27 for 24 h. Then cells were washed and challenged with or without a secondary dose of LPS (100 ng/ml) for 4 h, and TNF-␣ production was measured in cell-free supernatants. In THP-1 cells, LPS ϩ IL-27 treatment induced significantly more TNF-␣ than IL-27 or LPS alone in unchallenged cells (2°medium) ( Fig.  S1A ). As expected, following LPS challenge (2°LPS), LPS pretreated cells (tolerized cells) produced significantly less TNF-␣ compared with medium controls (untolerized cells) (Figs. 1A and 2A). IL-27-pretreated THP-1 cells (1°IL-27) 6 followed by LPS challenge (2°LPS) had significantly increased TNF-␣ production compared with untolerized cells ( Fig. 2A, 1°med ), confirming results previously obtained in human monocytes (27, 29) . However, the addition of IL-27 to the LPS tolerizing dose (1°LPS ϩ IL-27) resulted in significantly enhanced TNF-␣ in response to LPS challenge (2°LPS) compared with cells tolerized with LPS alone (1°LPS) as well as untolerized cells (1°med), indicating that IL-27 effectively blocked induction of endotoxin tolerance and even enhanced TNF-␣ expression in tolerized THP-1 cells ( Fig. 2A) .
In PMA-THP-1 cells, primary monocytes, and primary macrophages, tolerized cells produced significantly less TNF-␣ relative to untolerized cells ( Fig. 2 , B-D), as expected. In all three cells types, pretreatment with IL-27 alone followed by LPS challenge significantly enhanced TNF-␣ production compared with untolerized cells, indicating that, in addition to monocytes, IL-27 enhances LPS responsiveness in human macrophages. LPS ϩ IL-27-pretreated PMA-THP-1 cells, primary monocytes, and primary macrophages all showed significantly greater TNF-␣ production in response to 2°LPS compared with tolerized cells (Fig. 2 , B-D), similarly observed were significantly elevated cytokine concentration in these cells ( Fig. S1 , B-D). Unlike in THP-1 cells, 2°LPS-induced TNF-␣ production in cells pretreated with 1°LPS ϩ IL-27 remained lower than LPS-induced TNF-␣ produced from untolerized cells. Overall, IL-27 inhibited induction of endotoxin tolerance in both monocytes and macrophages, however, the magnitude of IL-27-mediated restoration of TNF-␣ production was greater in THP-1 cells compared with other cell types examined. 
IL-27 enhances LPS-TLR4-CD14 signaling NF-B/AP-1 activity is down-regulated in endotoxin-tolerized cells
LPS-TLR4 ligation results in immediate NF-B p65/p50 activation and translocation from the cytoplasm to the nucleus (39) . Although IL-27 is known to promote NF-B signaling (26, 27) , endotoxin-tolerized cells have been shown to reduce NF-B activation relative to untolerized cells (40) . To examine the effects of IL-27 on NF-B signaling in endotoxin-tolerized cells, we compared NF-B p65 and p50 nuclear translocation in response to LPS and/or IL-27 pretreatment in THP-1 and PMA-THP-1 cells. Cells were stimulated with LPS (10 ng/ml), IL-27 (100 ng/ml), or LPS ϩ IL-27 for 24 h followed by a secondary dose of LPS (100 ng/ml) for 2 h. Cells were stained with antibodies against p65 and p50, and images were collected by confocal microscopy. Pixel intensity ratios of nuclear:cytoplasmic regions were calculated for each condition. In both THP-1 and PMA-THP-1 cells, LPS stimulation for 2 h (med/LPS) resulted in significantly enhanced p65 nuclear translocation compared with unstimulated controls (med/med) ( Fig. 3 , A and B). Although p50 nuclear translocation was significantly greater in LPS-treated THP-1 cells (med/LPS) relative to unstimulated cells, this was not observed in PMA-THP-1 cells (Figs. S2 and S3). Endotoxin-tolerized THP-1 and PMA-THP-1 cells showed reduced p65 nuclear translocation relative to untolerized cells; however, these changes only reached statistical significance in PMA-THP-1 cells (Fig. 3, A and B) . The effect of IL-27 on NF-B nuclear translocation was more prominent on the p65 subunit than the p50 (Figs. 3, S2, and S3). Finally, LPS ϩ IL-27-pretreated PMA-THP-1 cells had comparable LPS-mediated p65 nuclear translocation to tolerized cells, indicating that the effects of IL-27 on inhibiting endotoxin tolerance may not be strictly dependent on NF-B activation.
To further explore LPS-mediated transcription factor activity under endotoxin-tolerized conditions, we utilized THP-1 XBlue cells that express an NF-B/AP-1-inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene to quantify NF-B/AP-1 activation. THP-1 XBlue cells and PMA-THP-1 XBlue cells were stimulated with either LPS (10 ng/ml) or IL-27 (100 ng/ml) or co-stimulated with LPS ϩ IL-27 simultaneously for 24 h. Cells were then washed and stimulated with or without LPS (100 ng/ml) for 24 h to allow for NF-B/AP-1induced SEAP production and secretion. THP-1 XBlue cells pretreated with IL-27 and LPS ϩ IL-27 followed by 2°medium showed increased activation of NF-B/AP-1 compared with 1°m edium controls, but LPS pretreatment had minimal effects ( Fig. 3C ). Upon 2°LPS challenge, untolerized (1°med) and IL-27-pretreated cells had significantly greater LPS-induced NF-B/AP-1 activation compared with tolerized (1°LPS) and LPS ϩ IL-27-pretreated THP-1 XBlue cells, respectively. In PMA-THP-1 XBlue cells, IL-27 stimulation alone activated NF-B/AP-1 relative to medium control cells. However, following 2°LPS challenge, neither IL-27 nor LPS ϩ IL-27 altered NF-B/AP-1 signaling relative to medium or LPS-treated cells, respectively ( Fig. 3D ). Similar to THP-1 XBlue cells, following LPS challenge, LPS-or LPS ϩ IL-27-pretreated PMA-THP-1 XBlue cells showed reduced NF-B/AP-1 activity compared with cells without LPS pretreatment, showing significantly reduced NF-B/AP-1 activation upon induction of endotoxin tolerance. However, endotoxin tolerance results in a greater decrease in NF-B/AP-1 activity in PMA-THP-1 XBlue compared with THP-1 XBlue cells, which supports the notion that CD14 high -expressing PMA-THP-1 cells are more sensitive to LPS stimulation than THP-1 cells.
IL-27 differentially impacts LPS binding in tolerized THP-1 cells compared with PMA-THP-1 cells, primary monocytes, and primary macrophages
Given that we detected lower CD14 expression levels in THP-1 cells than in the other cells examined ( Fig. 1A) and that CD14 regulates LPS-TLR4 binding (8, 41) , there may be differences in CD14-mediated LPS binding between cell types. Thus, we postulated that IL-27 may differentially affect LPS binding in THP-1 cells compared with PMA-THP-1 cells, primary monocytes, and primary macrophages and that this may be dependent on CD14 expression. In addition to the membranebound form, CD14 exists in soluble form to enhance LPS responsiveness in cells lacking membrane-bound CD14 while inhibiting LPS binding in CD14 high -expressing cells (42, 43) . Using LPS conjugated to Alexa Fluor 488 (LPS-Alexa), we investigated the effects of IL-27 and LPS on secondary LPS-Alexa binding by flow cytometry; and to investigate the requirement for CD14, we used the matrix metalloproteinase inhibitor batimastat (BB-94) to block cleavage membrane CD14 (44 -48) . Resting PMA-THP-1 cells, primary monocytes, and primary macrophages exhibited significantly greater LPS-Alexa positive cells compared with THP-1 cells ( Fig. S4 ), which correlated with levels of CD14 expression in these cell types ( Fig. 1A) . To investigate the effects of IL-27 on LPS-Alexa binding, THP-1 cells, PMA-THP-1 cells, primary monocytes, and primary macrophages were treated with LPS (10 ng/ml), IL-27 (100 ng/ml), or LPS ϩ IL-27 for 24 h in the presence or absence of BB-94 (25 M), as indicated, and then washed and incubated with LPS-Alexa (100 ng/ml) for 1 h. In THP-1 cells, pretreatment with LPS, IL-27, and LPS ϩ IL-27 significantly increased LPS-Alexa binding relative to medium controls ( Fig. 4A , black dots). In PMA-THP-1 cells, primary monocytes, and primary macrophages, LPS-tolerized and LPS ϩ IL-27-pretreated cells had reduced LPS-Alexa positive cells, whereas pretreatment with IL-27 did not have any notable effect ( Fig. 4 , B-D, black dots). The addition of BB-94 significantly enhanced LPS-Alexa binding in THP-1 cells but not in PMA-THP-1 cells, primary monocytes, or primary macrophages ( Fig. 4 , A-D, gray dots), suggesting that cleavage of CD14 may contribute to the enhanced LPS binding in THP-1 cells. Interestingly, although minimally altering LPS-Alexa binding, BB-94 treatment abolished all LPS-induced TNF-␣ production following LPS and/or IL-27 pretreatment in the four cell types examined (data not shown).
IL-27 increases production of soluble CD14 in THP-1 cells but not in PMA-THP-1 cells, primary monocytes, and primary macrophages
Soluble CD14 (sCD14) and LBP are required for LPS binding (8) , and therefore, we sought to determine whether IL-27 directly affects sCD14 or LBP production in monocytes and
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macrophages. THP-1 cells, PMA-THP-1 cells, primary monocytes, and primary macrophages were stimulated with LPS (10 ng/ml), IL-27 (100 ng/ml), or LPS ϩ IL-27 for 24 h. Soluble LBP and sCD14 production was measured in cell-free supernatants by ELISA. Soluble LBP production was undetectable across all conditions in THP-1 cells and PMA-THP-1 cells (data not shown). In THP-1 cells, IL-27 and LPS ϩ IL-27 treatment alone increased sCD14 production compared with medium-or LPS-stimulated controls (Fig. 5A, black dots) . In PMA-THP-1 cells, LPS or LPS ϩ IL-27 stimulation decreased the amount of sCD14 produced relative to unstimulated controls ( Fig. 5B , black dots). Soluble CD14 production was not altered by the addition of IL-27 in PMA-THP-1 cells. In primary human monocytes, IL-27 significantly down-regulated sCD14 expression ( Fig. 5C, black dots) , whereas in primary macrophages, neither IL-27 nor LPS had a significant effect on its production (Fig. 5D, black dots) . It is important to note that unstimulated PMA-THP-1 cells, primary monocytes, and primary macrophages produced at least 10-fold more sCD14 than unstimulated THP-1 cells (Fig. 5, A and B, black dots) . This suggests that for PMA-THP-1 cells, primary monocytes, and primary macrophages, the higher levels of surface CD14 expression result in higher levels of sCD14 generation compared with THP-1 cells. Using BB-94 to block the cleavage of membrane CD14 (44 -48) , sCD14 was significantly reduced in THP-1 cells, PMA-THP-1 cells, and primary monocytes treated with BB-94, relative to solvent controls across all conditions (Fig. 5, A-C,  gray dots) . BB-94 did not significantly alter sCD14 production in primary macrophages (Fig. 5D, gray dots) . Overall, IL-27induced sCD14 production in THP-1 cells may contribute to differences in LPS responsiveness in PMA-THP-1 cells and primary cells compared with THP-1 cells.
IL-27 enhances LPS-induced IFN-␤ production in PMA-THP-1 cells, primary monocytes, and primary macrophages
LPS-TLR4-CD14 signaling induces MyD88-dependent TNF-␣ production, and subsequent CD14-mediated endocytosis of the LPS-TLR4 complex allows for endosomal TRIF-dependent type I IFN production (49) . As IL-27 promotes sCD14 expression in THP-1 cells (Fig. 5A) , we used IFN-␤ production as a readout for CD14-dependent internalization of the LPS-TLR4 complex. THP-1 cells, PMA-THP-1 cells, primary monocytes, and primary macrophages were stimulated with LPS (10 ng/ml), IL-27 (100 ng/ml), or LPS ϩ IL-27 for 24 h and subsequently washed and challenged with or without LPS (100 ng/ml) for 4 h. IFN-␤ production was measured in cell-free supernatants by ELISA. THP-1 cells did not produce detectable amounts of IFN-␤ in response to LPS, IL-27, or LPS ϩ IL-27 ( Fig. 6A, black dots) ; however, PMA-THP-1 cells produced IFN-␤ in response to LPS treatment (Fig. 6A, gray dots) with similar trends to primary monocytes and primary macrophages ( Fig. 6B) . Specifically, PMA-THP-1 cells co-stimulated with LPS ϩ IL-27 resulted in significantly higher levels of IFN-␤ compared with cells that were unstimulated or those treated with LPS or IL-27 alone (Fig. 6A, 1°only and 2°medium, gray dots). Upon examination of IFN-␤ production in our model of tolerized PMA-THP-1 cells, primary monocytes, and primary macrophages, we observed a similar expression pattern as that for TNF-␣ (Figs. 6, A and B, and 2, B-D) . In response to 2°LPS, tolerized cells produced significantly less IFN-␤ production than untolerized cells, whereas IL-27 priming significantly enhanced LPS-induced IFN-␤ production compared with untolerized cells. Interestingly, pretreatment of PMA-THP-1 cells with LPS ϩ IL-27 enhanced IFN-␤ production following 2°L PS challenge relative to tolerized cells, although these treatments did not reach statistically significant differences in primary monocytes or macrophages. These results indicate that LPS-mediated induction of IFN-␤, like TNF-␣, is sensitive to endotoxin tolerance. Furthermore, in CD14 high -expressing cells, but not in THP-1 cells, the LPS-TLR4-CD14 complex is efficiently internalized to induce TRIF-mediated signaling. In PMA-THP-1 cells, IL-27-mediated inhibition of endotoxin tolerance translated to enhanced IFN-␤ production relative to tolerized cells, similar to TNF-␣; however, IFN-␤ production in LPS-or LPS ϩ IL-27-tolerized PMA-THP-1 cells, primary monocytes, and primary macrophages was below the sensitivity range of the ELISA. Overall, surface CD14 expression correlated with IFN-␤ production in response to LPS stimulation and IL-27-enhanced IFN-␤ in untolerized PMA-THP-1 cells, primary monocytes, and primary macrophages.
Overexpression of CD14 alters the effects of IL-27 on LPS responsiveness
To further investigate the role of CD14 in IL-27-modulated endotoxin tolerance we used THP-1 cells stably transfected with a CD14-expressing plasmid (CD14-THP-1 cells) to model CD14 high THP-1 cells. CD14-THP-1 cells have TLR4 and CD14 expression comparable to primary monocytes (50) . To assess how IL-27 affected endotoxin tolerance in this cell model, CD14-THP-1 and PMA-treated CD14-THP-1 (PMA-CD14-THP-1) cells were stimulated with LPS (10 ng/ml), IL-27 (100 ng/ml), or LPS ϩ IL-27 for 24 h and subsequently washed and challenged with or without LPS (100 ng/ml) for 4 h, as described above. CD14-THP-1 cells produced a lower amount of TNF-␣ in response to 1°LPS ϩ IL-27 after the 24-h stimulation without LPS challenge (2°medium) relative to other cell types examined (Figs. S5A and S1). However, in response to the 2°LPS challenge, untolerized CD14-THP-1 cells (1°medium) produced more TNF-␣ than the untolerized THP-1 cells ( Fig. 7A S1A) , and TNF-␣ levels were comparable to PMA-THP-1 cells and primary monocytes (Figs. S5A and S1, B and C). As expected, TNF-␣ production in response to 2°LPS challenge was decreased in tolerized CD14-THP-1 cells (1°LPS) compared with untolerized cells (1°med) (Fig. 7B ). Interestingly, similar to THP-1 cells, IL-27 or LPS ϩ IL-27 pretreatment of CD14-THP-1 cells resulted in LPS-induced TNF-␣ production that surpassed levels produced by untolerized cells. Upon PMA treatment of CD14-THP-1 cells, PMA-CD14-THP-1 cells presented similar trends to PMA-THP-1 cells (Figs. 7B and 2B); tolerized cells had reduced TNF-␣ production and IL-27enhanced TNF-␣ production relative to untolerized cells. PMA-CD14-THP-1 cells had significantly enhanced LPS-induced TNF-␣ production upon 1°LPS ϩ IL-27 pretreatment relative to tolerized cells (Fig. 7B) , although the increased cytokine concentration did not reach statistical significance (Fig.  S5B) .
IL-27 enhances LPS-TLR4-CD14 signaling
Because CD14-THP-1 cells express high levels of stable CD14 and respond similarly to IL-27-treated THP-1 cells in endotoxin-tolerized conditions, we examined whether the addition of exogenous sCD14 to THP-1 cells would affect LPSand/or IL-27-induced TNF-␣ in tolerized and untolerized cells. THP-1 cells were stimulated with 1°LPS (10 ng/ml), IL-27 (100 ng/ml), or LPS ϩ IL-27 for 24 h and subsequently washed and challenged with or without 2°LPS (100 ng/ml) and/or recombinant sCD14 (500 ng/ml) for 4 h. Interestingly, the addition of recombinant sCD14 enhanced TNF-␣ production in THP-1 cells in all conditions where they received IL-27, regardless of the presence or absence of LPS ( Fig. 8A ), suggesting an association between IL-27 and sCD14 for enhanced TNF-␣ production. Recombinant CD14 did not have a statistically significant effect on TNF-␣ production in PMA-THP-1 cells in our model (Fig. 8B ). In addition to up-regulating TLR4 expression, IL-27 may interact with CD14 or mediate CD14 production mechanisms in CD14 low -expressing cells to further contribute to LPS responsiveness.
Discussion
This study focused on the effects of IL-27 on LPS-mediated endotoxin tolerance and found that IL-27 differentially inhibited the induction of endotoxin tolerance in human myeloid cells dependent on both membrane and soluble CD14 expression. In CD14 high -expressing primary monocytes, PMA-THP-1 cells, and primary macrophages, IL-27 treatment allowed for a partial restoration of LPS responsiveness while completely inhibiting endotoxin tolerance induction in CD14 low -expressing THP-1 cells. We suggest that expression levels of membrane or soluble CD14 may determine the efficacy of IL-27 in restoring cytokine production in our endotoxin tolerance model.
Gram-negative bacteria infection results in exposure to LPS, initiating an immune response that causes symptoms such as fever and, in severe cases, sepsis (51) (52) (53) . In endotoxin tolerance, myeloid cell signaling is reprogrammed to prevent excessive inflammation and to protect against tissue damage and septic shock. On the other hand, the lack of responsiveness in endotoxin-tolerized cells may impede clearance of bacteria (54 -56) .
IL-27 is a biomarker for sepsis disease severity (57) (58) (59) (60) , and although it is protective against bacteria-induced inflammatory damage, IL-27 also inhibits antibacterial immunity, resulting in increased bacterial growth and survival (31, 61) . Thus, the exploration of specific mechanisms utilized by IL-27 to modulate LPS signaling could present novel targets for disease prevention and treatment.
NF-B p50 homodimers are implicated as a mechanism for reduced cytokine production in endotoxin-tolerized monocytes by blocking NF-B p65/p50 from binding to promoter regions (62, 63) . Although the NF-B p65 protein is not induced in response to LPS, expression of the p50 precursor, called p105, is up-regulated (62) . Cleavage of p105 gives rise to p50 and p50 homodimers for the inhibition of LPS-mediated TNF-␣ production following an accumulation of p50 (64, 65) . How IL-27 affects p50 homodimer formation in endotoxintolerized cells is unknown; however, our data suggest that IL-27 impacts LPS-mediated p50 nuclear localization in THP-1 cells.
Previously, IL-27 stimulation was shown to enhance NF-B p65 and p50 DNA binding in monocytes (27) . This supports our observation that IL-27 significantly enhanced LPS-mediated p65 nuclear translocation relative to unstimulated cells in both THP-1 and PMA-THP-1 cells. On the other hand, the same conditions did not alter p50 nuclear translocation in PMA-THP-1 cells and even decreased the nuclear/cytoplasmic ratios of p50 in THP-1 cells. In turn, IL-27 may promote the up-regulation of p50 expression, resulting in greater cytoplasmic p50 protein levels. LPS ϩ IL-27 did not significantly alter p65 activity in tolerized THP-1 and PMA-THP-1 cells. This could be attributed to other signaling molecules involved in endotoxin tolerance, such as IRAK-M and SHIP-1 (4, 7, 66 -69) , which also contribute to the regulation of NF-B activation (70) .
Similar to IL-27, IFN-␥ pretreatment inhibits endotoxin tolerance induction in monocytes (71) . It is interesting to note that with a primary dose of LPS at 10 ng/ml, TNF-␣ production was restored by IFN-␥ pretreatment but not up to the level of 
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untolerized cells in primary monocytes. These results are comparable with the effects of IL-27 on TNF-␣ production in tolerized primary monocytes. IFN-␥ did not dramatically affect the NF-B signal transduction pathway in tolerized monocytes (71) , which is similar to the effects of IL-27 in tolerized THP-1 cells and PMA-THP-1 cells in our study. Chen and Ivashkiv (71) did not explore links between CD14 and IFN-␥ but rather determined that IFN-␥-mediated inhibition of endotoxin tolerance occurs because of chromatin modifications for restored transcription factor binding to TNF and IL6 promoters. Our data do not rule out changes in chromatin remodeling as an additional mechanism for IL-27-mediated inhibition of endotoxin tolerance, and it is likely that multiple mechanisms exist to control such responses.
Interestingly, Park et al. (72) examined TNF-␣-mediated induction of an endotoxin refractory state using exogenous TNF-␣ in the absence of primary LPS followed by a secondary LPS stimulation; TNF-␣ treatment inhibited NF-B signaling following LPS challenge and led to a tolerized state in human macrophages. TNF-mediated tolerance (termed "TNF tolerance") has been reviewed recently (73) , and it has been suggested that TNF tolerance contributes to negative immune regulation similar to endotoxin tolerance. In our model, we observed differential TNF-␣ induction between THP-1 and PMA-THP-1 cells, where THP-1 cells exhibited less TNF-␣ induction compared with PMA-THP-1 cells. This could provide an explanation for the differential responses to IL-27; the higher levels of TNF-␣ produced by PMA-THP-1 cells potentially contribute to a more stable tolerized state such that IL-27 treatment could not block the formation of endotoxin tolerance to the same extent as in THP-1 cells.
Macrophages and monocytes exhibit different mechanisms to control inflammation (74, 75) . Here, IL-27 primed both monocytes and macrophages for enhanced proinflammatory responses; however, others have shown anti-inflammatory functions whereby IL-27 suppresses TNF-␣ and IL-1␤ respon-
Figure 8. The addition of recombinant CD14 with IL-27 enhances TNF-␣ production in tolerized THP-1 cells but not in PMA-THP-1 cells. THP-1 cells (A)
and PMA-THP-1 cells (B) were stimulated with LPS (10 ng/ml), IL-27 (100 ng/ml), or LPS ϩ IL-27 simultaneously for 24 h (1°). Cells were washed and challenged with LPS (100 ng/ml) for 4 h (2°) with recombinant soluble CD14 (500 ng/ml) added 30 min prior to 2°medium or LPS. TNF-␣ production was measured in cell-free supernatants. Graphs present mean Ϯ S.E. of at least five independent experiments.
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siveness in human macrophages (76) and induces the anti-inflammatory cytokine IL-10 in murine macrophages (33) . These discrepancies may be explained by the various subcategories of monocytes and macrophages that reflect their specific functions. Specifically, monocyte subsets include proinflammatory, phagocytic, and patrolling monocytes, which are distinguished by CD14 and CD16 expression as well as chemokine receptors CCR2 and CX3CR1 (36, 37) . Investigating the effects of IL-27 on purified subpopulations of monocytes and macrophages could clarify some of the observed differences.
Upon activation, phagocytic and inflammatory monocytes differentiate into classically activated M1 macrophages (77, 78) . In contrast, patrolling monocytes differentiate into alternatively activated M2 macrophages (77, 78) . The phenotype of THP-1 cells is closely related to classical phagocytic monocytes, and thus they may exhibit properties that allow LPS ϩ IL-27 co-stimulation to completely restore cytokine production in tolerized THP-1 cells. In addition, endotoxin-tolerant macrophages express negative regulatory genes similar to alternatively activated M2 macrophages (79 -81) . The comparison between M2 macrophages and endotoxin-tolerized cells is a controversial topic. Porta et al. (81) aligned endotoxin-tolerant macrophages with the M2 phenotype, whereas others have described endotoxin-tolerized cells to have a more complex phenotype than typical M1 or M2 macrophages (40, 82) . Most recently, endotoxin-tolerized macrophages have been suggested to be an intermediate cell type, shifting between the M1 and M2 phenotypes (83) . Understanding the key differences between M2-polarized macrophages and endotoxin-tolerized cells is essential in distinguishing the activation state of macrophages.
There is a plasticity between M1-and M2-polarized macrophages (84). M1 macrophages produce proinflammatory TNF-␣ (85), which can subsequently shift cells to a more M2-like phenotype, inducing TNF tolerance (72) . In addition, IFN-␤ produced in response to LPS is involved in promoting macrophages to the M1 phenotype (86) . There are conflicting reports on the role of IFN-␤ in endotoxin tolerance; endotoxin tolerance occurs independent of IFN-␤ production in IFNAR knock-out mice (87), whereas IFN-␤ production has also been attributed to the development of sepsis in murine models, suggesting an association between a refractory state of monocytes and low IFN-␤ production (88) . Furthermore, IL-27-treated M2 macrophages exhibit suppressed IL-12/23p40 production (32) . Macrophages differentiated in the presence of neutralizing IL-27 for 7 days showed a reduced production of M2 cytokine IL-10 in response to LPS stimulation (89). In our study, PMA-THP-1 cells stimulated with LPS produced both TNF-␣ and IFN-␤, and co-stimulation of LPS ϩ IL-27 enhanced production of both cytokines. Therefore, LPS ϩ IL-27 stimulation may shift endotoxin-tolerized PMA-THP-1 cells further toward an M2 phenotype than activated THP-1 cells.
Soluble CD14 promotes LPS responses on CD14 low -expressing cells such as THP-1 cells (42, 43, 90) . In our study, IL-27 amplified sCD14 production in THP-1 cells but not in PMA-THP-1 cells, primary monocytes, or primary macrophages. Surprisingly, IL-27 added prior to recombinant CD14 induced TNF-␣ production in the absence of LPS, which may suggest that IL-27 amplified an alternate CD14 signaling mechanism, similar to one discovered recently (91) . Specifically, tissue injury releases danger-associated molecular patterns (DAMPs), which induce CD14 internalization to inhibit LPS-TLR4 responses (91) . In turn, IL-27 stimulation may affect an unknown cellular mechanism to modulate CD14-mediated processes such as sCD14 production, resulting in continued LPSmediated responses on the cell surface and restored TNF-␣ production in tolerized THP-1 cells. Indeed, CD14 is required for TLR4 endocytosis for TRIF-mediated signaling in the endosome (17, 41, 92) . However, it is possible that THP-1 cells do not have sufficient CD14 expression to induce endocytosis of TLR4 for induction of IFN-␤ production via endosomal signaling. In support of this idea, THP-1 cells did not produce detectable levels of IFN-␤ in all conditions tested. On the other hand, PMA-THP-1 cells, primary monocytes, and primary macrophages exhibited IFN-␤ production, which was also enhanced by IL-27 pretreatment, indicating that CD14 high -expressing cells have sufficient CD14 expression to promote endocytosis for subsequent LPS/TLR4-mediated endosomal signaling. In addition, excessive sCD14 can inhibit LPS-TLR4 responses (42) , which may be responsible for the lesser inhibition of tolerance in response to IL-27 in CD14 high -expressing cells, as demonstrated in PMA-THP-1 cells, primary monocytes, and primary macrophages. The effects of differential expression of membrane-bound and soluble CD14 in the presence or absence of IL-27 are modeled in Fig. 9 .
In this study, we suggest that the differential effects of IL-27 on endotoxin tolerance in THP-1 cells compared with PMA-THP-1 cells may also depend on surface expression of CD14. THP-1 cells, which have low CD14 expression, had complete IL-27-mediated restoration of cytokine production in tolerized cells, whereas PMA-THP-1 cells, primary monocytes, and primary macrophages have high CD14 expression and exhibited partially restored cytokine production in tolerized cells treated with IL-27. Elevated CD14 expression on PMA-THP-1 cells may also be responsible for the more prominent LPS-mediated TLR4 internalization compared with THP-1 cells. Indeed, macrophages internalize TLR4 immediately and have reduced CD14 on the surface after 24 h (93). Herein, TLR4 expression remained unchanged in response to LPS treatment of THP-1 cells, similar to our previous observations in CD14-THP-1 cells (28) . In contrast, LPS treatment of PMA-THP-1 cells decreased in TLR4 expression. Thus, in THP-1 cells and CD14-THP-1 cells, IL-27-induced up-regulation of TLR4 could be responsible for the IL-27-mediated inhibition of endotoxin tolerance and complete restoration of TNF-␣ production. Taken together, our data demonstrate a potential role for CD14, IL-27-enhanced TLR4, and TNF-␣ expression in mediating LPS responsiveness in human monocytes and macrophages.
Experimental procedures
Cell lines, reagents, and stimulations
The THP-1 cell pro-monocytic cell line was purchased from American Type Culture Collection (ATCC, Manassas, VA).
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Cells were cultured in RPMI 1640 medium (Gibco Life Technologies) supplemented with heat-inactivated 10% fetal bovine serum (FBS; Hyclone Laboratories Inc., Logan, UT). THP-1 cells and THP-1 XBlue cells were differentiated into macrophage-like cells using PMA (10 ng/ml; BioShop Canada Inc., Burlington, Ontario, Canada) for 48 h. THP-1 cells stably transfected with a NF-B/AP-1-inducible reporter (SEAP) plasmid (THP-1 XBlue cells) and Zeocin selection antibiotic were purchased from InvivoGen (San Diego, CA). THP-1 cells transfected with a CD14-expressing cDNA plasmid (CD14-THP-1 cells) were a kind gift from Dr. Richard Ulevitch (The Scripps Research Institute, La Jolla, CA). G418 sulfate (BioShop Canada) was used for the selection of neomycin-resistant CD14-THP-1 cells. Cells were stimulated with LPS Escherichia coli O111:B4 (10 ng/ml; Sigma-Aldrich) and/or recombinant human IL-27 (100 ng/ml; R&D Systems, Minneapolis, MN) for 24 h at 37°C with 5% CO 2 to induce endotoxin tolerance. Cells were subsequently washed and challenged with LPS (100 ng/ml) for 2-24 h, as indicated.
Primary monocytes and macrophages
Whole blood drawn from healthy volunteers was obtained in accordance with the recommendations of the Canadian Tri-Council Policy Statement: Ethical Conduct for Research Involving Humans and the Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board (HSREB). All research on human samples was performed in accordance with relevant guidelines/regulations and was approved by the Queen's University HSREB. All subjects gave written informed consent in accordance with the Declaration of Helsinki and as per the protocol approved by the HSREB. For the isolation of primary human monocytes, whole blood was enriched with RosetteSep human monocyte enrichment mixture (STEMCELL Technologies, Vancouver, British Columbia, Canada) as per the manufacturer's instructions. Briefly, enriched blood was diluted 1:1 with PBS with 1 mM EDTA (Bioshop Canada) and 2% FBS (Hyclone). Whole blood was layered on a density gradient medium (Lympholyte-H separation medium; Cedarlane, Burlington, Ontario, Canada) in 50 ml of Sep-Mate conical tubes (STEMCELL Technologies) and centrifuged to separate mononuclear cells from red blood cells. Cells were washed twice with PBS ϩ 1 mM EDTA ϩ 2% FBS and resuspended in RPMI ϩ 10% FBS for immediate stimulation. To obtain primary human macrophages, whole blood was layered on Lympholyte-H as described above. Peripheral blood mononuclear cells were plated in 6-well culture dishes in RPMI supplemented with 25% autologous serum. After 2 h, nonadherent cells were removed, the remaining adherent cells were washed three times with warmed PBS, and RPMI ϩ 25% autologous serum was added. Cells were washed again on days 2 and 4, and fresh RPMI ϩ 25% autologous serum was added. On day Figure 9 . A balance between membrane and soluble CD14 modulates the effects of IL-27 on endotoxin tolerance. In untolerized CD14 low -expressing cells, LPS-TLR4-CD14 ligation induces NF-B nuclear translocation and TNF-␣ production. However, these cells do not have sufficient CD14 to induce TLR4 endocytosis required for IFN-␤ production. In untolerized CD14 high -expressing cells, LPS stimulation results in NF-B nuclear localization, TNF-␣ production, and CD14-mediated TLR4 endocytosis, resulting in IFN-␤ production via endosomal TLR4 signaling. In CD14 low -expressing cells, IL-27 enhances sCD14 and TLR4 expression to enhance LPS-TLR4 ligation, resulting in greater NF-B nuclear localization and TNF-␣ production. IL-27-treated CD14 high -expressing cells also exhibit enhanced TLR4 expression for more TNF-␣ production. High levels of surface CD14 allow for TLR4 endocytosis and IFN-␤ production in response to LPS, even though IL-27 does not affect sCD14 in these cells. Endotoxin-tolerized CD14 low -expressing cells exhibit reduced NF-B nuclear translocation, correlating with less TNF-␣ production compared with untolerized cells. In tolerized CD14 high -expressing cells, TLR4 internalization and less sCD14 reduces subsequent responsiveness to LPS, resulting in less TNF-␣ and IFN-␤ production. In CD14 low -expressing cells, LPS ϩ IL-27 treatment enhances TLR4 expression, resulting in greater LPS signaling and NF-B nuclear translocation for even greater TNF-␣ production than untolerized cells. CD14 highexpressing cells exposed to LPS ϩ IL-27 internalize TLR4, and because of the excess sCD14, the 2°LPS ligation is inhibited. Together, this results in decreased TNF-␣ and IFN-␤ production relative to untolerized cells. However, IL-27-mediated TLR4 up-regulation accounts for increased cytokine production relative to tolerized cells. 6 , cells were washed, and RPMI ϩ 10% FBS was added; cells were stimulated as indicated on day 7.
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Flow cytometry
Cells were stained with anti-human CD14-APC/Cy7 and anti-human CD16 -Alexa Fluor 647 (BioLegend, San Diego, CA) and by anti-human TLR4 -Alexa Fluor 488 (Thermo Fisher Scientific Affymetrix-eBioscience, Waltham, MA). Cells were incubated with LPS-Alexa Fluor 488 (100 ng/ml; Molecular Probes, Eugene, OR) for 1 h at 37°C. Cells were washed and resuspended in PBS-azide (PBS ϩ 0.01% sodium azide ϩ 2% FBS). For intracellular staining, cells were fixed with 4% paraformaldehyde (Thermo Fisher Scientific) and permeabilized with 0.2% saponin (Honeywell Riedel-de Haën, Morris Plains, NJ) followed by antibody staining. Data were acquired using a CytoFLEX flow cytometer (Beckman Coulter) and analyzed using FlowJo (Ashland, OR), version 10.2.
Confocal microscopy
Cells were washed with warmed PBS, fixed with 4% paraformaldehyde, and permeabilized using 0.1% Triton X-100. Cells were probed with mouse anti-human NF-B p65 mAb (1:100 dilution; Abcam, Cambridge, UK) and rabbit anti-human NF-B p50/p105 polyclonal antibody (Cell Signaling Technology, Danvers, MA). Subsequently, cells were stained with donkey anti-rabbit IgG (HϩL) Alexa Fluor 488 (1:500; Molecular Probes) and donkey anti-mouse IgG (HϩL) Alexa Fluor 568 (Life Technologies) secondary antibodies. Nuclei were visualized using NucRed Live 647 ReadyProbes (Molecular Probes). PMA-THP-1 cells were cultured on 35-mm glass-bottom dishes (MatTek Corp., Ashland, MA). THP-1 cells were stained and then visualized using ibiTreat -Slide VI 0.4 slides (ibidi, Planegg, Germany). Images were captured using a FV1000 confocal laser-scanning microscope (Olympus, Center Valley, PA) equipped with FV10 ASW 4.01 software through a 60X/1.42A oil immersion objective at a digital zoom factor of 4 to ensure that pixel intensities were in the linear range within each channel. Blinded and using differential interference contrast (DIC) and NucRed images as guides, we measured the relative pixel intensities of NF-B p65 and p50 in identically sized regions (1.275 m 2 ) in the nucleus and cytoplasm of the same cell for two cells/per image with three images captured for each specimen (n ϭ 18 cells/condition). The nuclear/cytoplasmic ratios were calculated for each condition.
NF-B/AP-1 activation assay
THP-1 XBlue and PMA-THP-1 XBlue cells were stimulated as described above to produce NF-B/AP-1-inducible SEAP, the production of which was quantified by incubating 20 l of cell-free supernatant with 180 l of QUANTI-Blue TM buffer (InvivoGen) at 37°C for 4 h according to the manufacturer's instructions. Optical density was measured at 650 nm on the Varioskan spectrophotometer (Thermo Fisher Scientific).
ELISA
Cytokine production in cell-free supernatants was quantified according to the manufacturer's instructions for human TNF-␣ (Ready-SET-Go!, Thermo Fisher Scientific Affymetrix-eBiosci-ence), human soluble CD14, human LBP, and human IFN-␤ (DuoSet, R&D Systems). Absorbance was measured at 450 nm on the ELx800 microplate reader (BioTek, Winooski, VT).
Statistical analyses
Analyses were performed in GraphPad Prism 6. Individual sets of data were combined showing mean Ϯ S.E. of replicate sets of experiments. One-way analysis of variance with Holm-Sidak multiple comparisons test was performed between all relevant conditions and confirmed using the Wilcoxon matched pairs signed-rank test between individual pairs. In Figs. 1-8 : ns, not significant; *, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001; ****, p Յ 0.001. 
